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(57) ABSTRACT

A third-order distributed feedback laser has an active medium
disposed on a substrate as a linear array of segments having a
series of periodically spaced interstices therebetween and a
first conductive layer disposed on a surface of the active
medium on each of the segments and along a strip from each
of the segments to a conductive electrical contact pad for
application of current along a path including the active
medium. Upon application of a current through the active
medium, the active medium functions as an optical
waveguide, and there is established an alternating electric
field, at a THz frequency, both in the active medium and
emerging from the interstices. Spacing of adjacent segments
is approximately half of a wavelength of the THz frequency in
free space or an odd integral multiple thereof, so that the
linear array has a coherence length greater than the length of
the linear array.
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EFFICIENT THIRD-ORDER DISTRIBUTED
FEEDBACK LASER WITH ENHANCED BEAM
PATTERN

RELATED APPLICATION

The present application claims the benefit of provisional
application Ser. No. 61/607,662, entitled “High Efficient
DFB Lasers with Good Beam Patterns” filed on Mar. 7, 2012,
which is herein incorporated by reference.

FEDERALLY SPONSORED RESEARCH

This invention was made with Government support under
grant NNX10AC70G awarded by NASA. The Government
has certain rights in the invention.

TECHNICAL FIELD

The present invention relates to lasers, and more particu-
larly to solid state lasers operating in the THZ frequency
range.

BACKGROUND ART

Amanti et. al. Low-divergence single-mode terahertz
quantum cascade laser, Nature Photonics, Vol. 3, page 586
(Published 2009) discloses a single mode semiconductor
terahertz laser source with symmetric beam patterns. How-
ever, the mode selectivity of Amanti et al. is poor and single
frequency is not always guaranteed. There is a need for better
frequency control.

Amanti et. al. Low divergence Terahertz photonic-wire
laser, Optics Express, Vol. 18, Issue 6, page 6390 (Published
2010) discloses a single mode semiconductor wire terahertz
laser source with symmetric beam patterns. The total device
length (and thus the total radiation power) is limited due to the
phase mismatch phenomenon and the maximum electric cur-
rent a wire laser can sustain. The device power out-coupling
ability is also governed by its given geometry and cannot be
adjusted. There is a need for better electric biasing mecha-
nism. There is a need for adjustable power out-coupling.

Solbach et. al. Microstrip-Franklin Antenna, IEEE Trans-
actions on Antennas and Propagation, Vol. 30, Issue 4, page
773 (Published July 1982) discloses a type of microstrip
rectangular patch arrays with phasing stubs to achieve a co-
phase current distribution driven by external sources.

Terahertz QCLs are expected to find applications as local
oscillators for sub-millimeter wave heterodyne receiver sys-
tems at frequencies above 1 THz. Their low power consump-
tion and small form factors make them suitable for applica-
tions in astrophysics and remote sensing. A robust single-
mode laser that can sustain continuous-wave (cw) operation
at an operating temperature of >77 K and emit >1 mW of
optical power in a narrow and symmetric beam pattern is
highly desired in these applications.

The best terahertz QCLs in terms of high-temperature
operation have been demonstrated based on the metal-metal
(MM) waveguides, which provide strong mode confinement
and low waveguide losses. However, due to the sub-wave-
length confinement of the waveguide, far-field beam pattern
of'a Fabry-Perot (F-P) MM THz laser is far from ideal Gaus-
sian beams. Several approaches have been demonstrated to
address this issue, such as photonic crystals or surface-emit-
ting DFB laser arrays. The majority ofthese approaches focus
on enlarging the two-dimensional light emitting area and thus
suffer from degradation in continuous-wave (cw) perfor-
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mance due to their large power dissipation and difficulty in
heat removal. Recently, a solution based on third-order DFB
structures (Amanti et. al.) utilizes the so-called end-fire
antenna effect to achieve tight beam patterns while minimiz-
ing the negative impact on cw performance.

SUMMARY OF THE EMBODIMENTS

Embodiments of the present invention relate generally to
efficient semiconductor radiation-generating devices with
single frequency (e.g. terahertz laser source based on quan-
tum cascade lasers). In one embodiment of the invention
comprises at least two, or more, short semiconductor laser
cavities arranged to form a linear laser array, whose output
radiation coherently combines at two ends of the array, form-
ing tight and symmetric beam patterns, and the radiation
power increases linearly with the total device length. Contact
fins can be added on one or both sides of each laser cavity,
which connect to larger contact pads on one or both sides to
provide electrical bias. Microstrip antennas can also be
attached near the physical separation between adjacent laser
cavities, whose dimensions are adjusted to control the radia-
tion efficiency of each aperture and also the phase relation-
ship between adjacent cavities. Applications include high
power, high efficiency terahertz radiation source as local
oscillator for heterodyne detecting, or source for spectro-
scopic imaging of biological samples, remote detection of
chemicals, and non-destructive evaluation.

In one embodiment, the present invention provides a third-
order distributed feedback laser. The laser of this embodiment
includes:

a substrate;

an active medium having a first surface disposed on the
substrate and a second surface opposed to the first surface, the
active medium being disposed on the substrate as a linear
array of segments having a series of periodically spaced inter-
stices therebetween, and wherein the linear array has a length;

a first conductive layer disposed on the second surface of
the active medium on each of the segments and along a strip
from each of the segments to a conductive electrical contact
pad for application of current along a path including the active
medium;

such that upon application of a current through the active
medium, the active medium functions as an optical
waveguide, and there is established an alternating electric
field, at a THz frequency, both in the active medium and
emerging from the interstices, wherein the electric fields
emerging from any adjacent interstices are 180° out of phase
with one another and geometry of segments and interstices
defines the frequency, and

wherein spacing of adjacent segments is approximately
half of a wavelength of the THz frequency in free space or an
odd integral multiple thereof, so that the linear array has a
coherence length greater than the length of the linear array.

In a related embodiment, the linear array has a coherence
length greater than twice the length of the linear array. Alter-
natively or in addition, the interstices are gaps.

Alternatively or in addition, the laser further includes a
series of microstrips of a conductive material, wherein each
microstrip is (i) disposed transversely to a longitudinal axis of
the linear array, (i) disposed proximately to a distinct one of
the interstices, and (iii) configured as an antenna, so as to
provide a degree of freedom for regulating coupling between
the electric field inside the active medium and the electric
field emerging from the distinct one of the interstices.

In another related embodiment each strip includes an
expanse that forms a bridge, between its corresponding seg-
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ment and the contact pad, that is devoid of physical contact
with the active medium, the bridge having the effect of reduc-
ing current spreading.

Alternatively or in addition, the laser further includes a
second conductive layer disposed on the first side of the active
medium, so that the waveguide is formed between the first
and second conductive layers.

In yet another embodiment, there is provided a third-order
distributed feedback laser that includes:

a substrate;

an active medium having a first surface disposed on the
substrate and a second surface opposed to the first surface, the
active medium being disposed on the substrate as a linear
array of segments having a series of periodically spaced inter-
stices therebetween, and wherein the linear array has a lon-
gitudinal axis; and

a conductive layer disposed on the second surface of the
active medium on each of the segments and along a strip to a
conductive electrical contact pad for application of current
along a path including the active medium;

such that upon application of a current through the active
medium, the active medium functions as an optical
waveguide, and there is established an alternating electric
field at a THz frequency, both in the active medium and
emerging from the interstices, wherein the electric fields
emerging from any adjacent interstices are 180° out of phase
with one another and geometry of segments and interstices
defines the frequency; and

a series of microstrips of a conductive material, wherein
each microstrip is (i) disposed transversely to a longitudinal
axis of the linear array, (ii) disposed proximately to a distinct
one of the interstices, and (iii) configured as an antenna;

so as to provide a degree of freedom for regulating coupling
between the electric field inside the active medium and the
electric field emerging from the distinct one of the interstice.

A related embodiment includes a second conductive layer
disposed on the first side of the active medium, so that the
waveguide is formed between the first and second conductive
layers.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing features of embodiments will be more
readily understood by reference to the following detailed
description, taken with reference to the accompanying draw-
ings, in which:

FIG. 1A schematically shows the corrugated 3rd-order
DFB cavity in Amanti et. al. FIGS. 1B and 1C show one
configuration of present invention.

FIG. 2A Shows the simulated beam patterns from different
device lengths when the phase-matching conditions are met
for varying lengths of 3rd-order DFBs. FIG. 2B shows the
simulated beam patterns when the phase-matching condition
is not met. FIG. 2C explains the working principle of 3rd-
order DFB laser.

FIG. 3A and FIG. 3B show scanning electron microscopic
(SEM) pictures with different viewpoints of one configura-
tion of the present invention. FIG. 3C shows a schematic
diagram of the same.

FIGS. 4A, 4B, and 4C show schematic diagrams for dit-
ferent interstice configurations of present invention. FIG. 4D
shows the total loop length along one side of microstrip
antenna.

FIGS. 5A, 5B and 5C shows schematic diagrams for
present invention when different microstrip antennas are
attached to the laser cavities. Different contact fin positions
are also shown.
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FIGS. 6A and 6B show scanning electron microscope
(SEM) pictures with different viewpoints of one configura-
tion of present invention. FIG. 6C shows a magnified SEM
picture showing the total loop length of one side of the
microstrip antenna.

FIG. 7 shows finite-element (FEM) electromagnetic simu-
lated magnetic fields and electric fields inside the laser cavi-
ties with or without coupling to microstrip antennas.

FIG. 8 is a chart showing some the benefits of the present
invention compared to prior developments.

DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS

Definitions. As used in this description and the accompa-
nying claims, the following terms shall have the meanings
indicated, unless the context otherwise requires:

An “interstice” between adjacent segments means a gap or
an opposed pair of notches defining a part of a grating or other
spacing arrangement.

The term “coherence length” of an optical waveguide is the
length of the waveguide over which the relative phase of a
wave in the waveguide changes by it radians relative to an a
corresponding wave at the same frequency in free space trav-
eling in the same direction outside of the waveguide.

In athird-order distributed feedback (DFB) laser, the effec-
tiveness of the end-fire antenna depends on the phase-match-
ing condition between the free space propagating radiation
and the electric field inside each emission aperture. One can
model these adjacent apertures as point radiation sources with
opposite polarities (180° out of phase). If the modal index n,
is close to 3 in the waveguide, the distance between two
adjacent apertures for third-order DFB gratings will be
roughly half of a free-space wavelength A . It is clear that the
radiation from each opening will constructively add up at two
far ends of this one-dimensional end-fire antenna array.

One can define an effective index as n,=3xhy/(2xA),
where A, is the free-space wavelength and A is the distance
between adjacent apertures (the grating period). n_, can be
treated as a figure-of-merit for evaluating the phase-matching
condition. When n_,=3, since electric field between adjacent
apertures has 180° phase difference for the third-order grat-
ing, the phase-matching condition is perfectly met; but for
n,,#3, phase errors will accumulate along the array. Emis-
sions from different parts of the array then destructively can-
cel out after a certain device length. While emission will
constructively add up and create narrower beam patterns for
longer device under perfectly phase-matching condition,
destructive superposition clearly happens under mismatched
condition. Similar to the coherence length concept in nonlin-
ear optical generation of radiations, we can define a coher-
ence length L_ as the length over which the relative phase of
two collinearly traveling waves changes by 7. Using the defi-
nition of n,,; we have I,=Axn,/In ,~3|. For n,=3.2, this
coherence length would be ~16A, beyond which the beam
pattern begins to degrade and the output power will actually
decrease. The high refractive index (n=~3.6) ofthe GaAs active
region in is still far from 3 and thus restricts the maximum
usable length of the third-order DFB lasers.

Embodiments of the present invention overcome the prob-
lem of limited output power of a third-order distributed feed-
back (DFB) laser. Output power of a third-order DFB laser is
in part determined by the length of the laser. However, as we
have just shown, if the DFB laser is made too long, emission
from the various sections may destructively interfere in the
end-fire direction.
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One embodiment of the present invention comprises many
identical, electromagnetically-coupled, electrically isolated,
short laser cavities arranged in a linear array form with a fixed
periodicity. The laser oscillation frequency is mainly deter-
mined by dimensions of each cavity and is a weak function of
the gap distance between cavities. The gap size can then be
chosen to meet the phase-matching condition where the dis-
tance between two adjacent radiating elements is roughly
equal to half of the free space wavelength of the radiation, or
to an odd integral multiple of the half free space wavelength,
so that the coherence length is larger than the length of the
device. The output radiations from each gap coherently add
up to form tight and symmetric beam patterns near two ends
of array direction.

The physical separation (gap) between laser cavities intro-
duces an extra design parameter to achieve a phase-matching
condition without further reduction in the device’s lateral
dimensions, a condition which often leads to reduction of the
mode confinement factor and thus deterioration in device
performance.

An individual section is biased through separate contact
fins so that the electric current can be brought directly to each
laser cavity without sharing current path. This allows the
construction of an arbitrarily long laser array without increas-
ing the maximum electrical current flowing across any point
of the laser device, which is essential for continuous wave
operation and long-term device reliability.

The contact fins are placed near the center of each laser
cavity to reduce the perturbations to laser operation. The
contact fins then connect to two large side contact pad for the
ease of wire-bonding. An insulation material, such as, but not
limited to, silicon dioxide can be added beneath the contact
fins to eliminate unwanted current flows and maintain proper
bias condition. Openings on the dielectric material beneath
contact fins are introduced to form “Air Bridge” structures.

Another embodiment of the present invention comprises
many short laser cavities described in the first embodiment,
but miniature antennas are placed on both sides of the device
and in between adjacent cavities to enhance the electromag-
netic radiation out-coupling from the electromagnetic oscil-
lator. This approach essentially couples microstrip antennas
to each laser cavity to form new electromagnetic radiation
emitters whose radiation efficiency can be modified through
varying its geometric shape, such as antenna length and
width.

The total loop length of one side of the attached microstrip
antennas is chosen to be an integer multiple of the radiation
wavelength inside the microstrip antennas. This condition is
essential for selecting the desired third-order DFB mode
operation.

When a connected microstrip antenna is used, use of the
separated contact fins is optional since electric current can
flow though one laser cavity to another through the connected
antennas.

In different embodiments, the geometric shape of each
individual cavity can be chosen different or even irregular as
long as only one electromagnetic mode exists in the fre-
quency range of interest.

In different embodiments, the geometric shape of each
coupled microstrip antenna can be chosen to be different from
a simple rectangular shape, such as a half-circle, triangular, or
a spiral.

In different embodiments, the use of a coupled microstrip
antenna can also be applied to 2nd-order DFB surface-emit-
ting devices to increase power out-coupling efficiency.
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In different embodiments, the present invention may be
used with different wavelength semiconductor lasers, such as
infrared QCLs, visible, infrared or ultraviolet semiconductor
lasers.

FIG. 1A shows the top schematic of corrugated 3"“-order
DFB cavity demonstrated by Amanti et. al. The center of the
figure, depicted as a light gray region, shows the metal on the
top of the waveguide. The periphery of the figure, depicted as
a dark gray region, shows the bottom ground metal. The gain
medium (namely, the material which provides power ampli-
fication at designed frequency when properly electronically
biased) is sandwiched between the top and bottom metal. For
convenience of illustration, only a small number of periods
are shown. FIGS. 1B and 1C show the top schematic of one
type of configuration of the present invention. Items 100 are
the electrically separated, short Fabry-Perot laser cavities.
Items 110 are the contact fins for passing the electric current
from the larger side contact pads (not shown in this figure) to
individual laser cavities. Item 105 is the physical separation
(interstice or gap) between two adjacent laser cavities.

FIGS. 2A, 2B, and 2C illustrate the working principle of a
3rd-order DFB laser, with respect to which we defines a
figure-of-merit

Heg =3Xﬂ’

where A, is the free space wavelength of the radiation and A
is the distance from the center of 105 (gap) to the center of
adjacent 105, usually defined as the periodicity of the linear
array. From FIG. 2C, it is clear that when n_,=3, then

the radiation propagating outside the waveguide and electric
field at each gap will have fixed phase relationship, this is the
occurrence that phase-matching condition is met and coher-
ent radiation emitting from every gap will constrictively com-
bine forming tight and symmetric beam patterns at two far
end of the linear laser array. Limited by the high dielectric
constant of the gain medium commonly used in laser (gallium
arsenide GaAs, optical index ~3.6) the structure demon-
strated by Amanti et. al. typically has n,~3.2-3.4. Simulated
beam patterns from different device lengths (device periods
from Num=11 to Num=151) when phase-matching condition
is not satisfied (n,,~3.18) are shown in FIG. 2B. Clearly the
beam pattern starts deteriorating rapidly after a certain device
length, which eliminates the possibility of scaling the device
length to obtain higher power and better beam divergence. In
embodiments of the present invention, since the gap size can
be adjusted so that the periodicity A of the array equals to

Ao

2

or an odd integer multiple of
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the phase-matching condition can be satisfied. Similar beam
pattern simulation for such a perfectly phase matched device
is shown in FIG. 2A. The beam divergence is now inversely
proportional to the square-root of the total device length and
combining radiated power from every part of the linear array
is achieved.

FIGS. 3A and 3B show scanning electron microscopic
(SEM) pictures with different viewpoints (top view and iso-
tropic view, respectively) of one configuration of the present
invention working around 3 THz. Some critical dimensions of
the invention are also shown. Item 200 is the large contact pad
on the side of the laser cavity. A wire-bond can be made on
200 to provide external electrical bias. A thin layer of electri-
cal insulation material (e.g. silicon dioxide, Si0,) is placed
beneath the contact pad to provide insulation. Item 205 is a
structure left for supporting the contact fins. Item 210 is the
“Air Bridge”-like structure beneath the contact fin, wherein
the conductive dielectric material has been completely
removed to avoid a stray electric current. Item 220 is the
bottom ground metal.

FIGS. 4A and 4B are schematic diagrams for different
interstice configurations of present invention. FIG. 4A shows
an embodiment having only a separated short laser cavity
with contact fins. FIG. 4B shows a microstrip antenna (300)
attached between two adjacent cavities, wherein items 301
and 302 depict the width and the length of the antenna arm,
respectively. Contact fins are still present. FIG. 4C illustrates
a simplified configuration without contact fins. Since sepa-
rated laser cavities are now connected by the antenna, electric
current can flow on the top metal through whole laser array.
FIG. 4D illustrates a zoomed-in schematic for a microstrip
antenna on one side of the laser cavity in accordance with an
embodiment of the present invention. Item 310 (a red dashed
line) shows the total loop length (L.L.) along one side of the
microstrip antenna. The Loop length is chosen so that

L.L.~mxh,,,.

where m is an integer number, A, , is the wavelength inside
the narrow waveguide which forms the antenna arm. The
condition ensures the electric fields inside two adjacent laser
cavities will have the same polarity across the separation gap.

FIGS.5A, 5B, and 5C are schematic diagrams for embodi-
ments of the present invention wherein different microstrip
antennas are attached to the laser cavities. The radiation effi-
ciency of each coupled microstrip antenna can be adjusted. In
FIG.5A, item 305 is another type of microstrip antenna which
does not form a closed loop. In FIG. 5B is yet another type of
microstrip antenna whose antenna arm separation (303) is not
the same as the laser cavity separation (105). This configura-
tion provides one extra degree of freedom to adjust radiation
efficiency without dramatically changing the total loop length
of'the antenna. In FIG. 5C, the position of contact fins can also
be placed near the tip of the microstrip antennas.

FIGS. 6A and 6B show scanning electron microscopic
(SEM) pictures with different viewpoints of one configura-
tion of the present invention working around 4 THz. Critical
dimensions are shown in the pictures. F1G. 6C is a zoomed-in
view of one antenna (300) showing total loop length (310) as
a red dashed line.

FIG. 7 shows finite-element (FEM) full-wave electromag-
netic simulated magnetic fields and electric fields inside the
laser cavities with or without coupling to microstrip antennas.
It is clear that the electromagnetic field distributions in the
laser are virtually identical before and after the introduction
of coupled microstrip antennas. The most significant change

20

25

40

8

is in the electric fields near the gap. The antenna coupled
version has a larger electric field distribution at the gap, which
is responsible for the enhanced radiation efficiency.

FIG. 81s a chart showing some the benefits of embodiments
of the present invention in comparison to prior art develop-
ments.

The embodiments of the invention described above are
intended to be merely exemplary; numerous variations and
modifications will be apparent to those skilled in the art. All
such variations and modifications are intended to be within
the scope of the present invention as defined in any appended
claims.

What is claimed is:

1. A third-order distributed feedback laser comprising:

a substrate;

an active medium having a first surface disposed on the
substrate and a second surface opposed to the first sur-
face, the active medium being disposed on the substrate
as a linear array of segments having a series of periodi-
cally spaced interstices therebetween, and wherein the
linear array has a longitudinal axis;

a conductive layer disposed on the second surface of the
active medium on each of the segments and along a strip
to a conductive electrical contact pad for application of
current along a path including the active medium;

such that upon application of a current through the active
medium, the active medium functions as an optical
waveguide, and there is established an alternating elec-
tric field at a THz frequency, both in the active medium
and emerging from the interstices, wherein the electric
fields emerging from any adjacent interstices are 180°
out of phase with one another and geometry of segments
and interstices defines the frequency; and

a series of microstrips of a conductive material, wherein
each microstrip is (i) disposed transversely to a longitu-
dinal axis of the linear array, (ii) disposed proximately to
adistinct one of the interstices, and (iii) configured as an
antenna;

so0 asto provide a degree of freedom for regulating coupling
between the electric field inside the active medium and
the electric field emerging from the distinct one of the
interstice.

2. A third-order distributed feedback laser according to
claim 1, further comprising a second conductive layer dis-
posed on the first side of the active medium, so that a
waveguide is formed between the first and second conductive
layers.

3. The third-order distributed feedback laser according to
claim 1, wherein the linear array has a coherence length
greater than twice the length of the linear array.

4. The third-order distributed feedback laser according to
claim 1, wherein the interstices are gaps.

5. The third-order distributed feedback laser according to
claim 1, wherein each strip includes an expanse that forms a
bridge, between its corresponding segment and the contact
pad, that is devoid of direct physical contact with the active
medium, the bridge having the effect of reducing current
spreading.

6. A third-order distributed feedback laser according to
claim 1, further comprising a second conductive layer dis-
posed on the first side of the active medium, so that the
waveguide is formed between the first and second conductive
layers.
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